It is unknown which retinal image features are analyzed to control axial eye growth and refractive development. On the other hand, identification of these features is fundamental for the understanding of visually acquired refractive errors. Cyclopleged chicks were individually kept in the center of a drum with only one viewing distance possible. Defocusing spectacle lenses were used to stimulate the retina with defined defocus of similar magnitude but different sign. If spatial frequency content and contrast were the only cues analyzed by the retina, all chicks should have become myopic. However, compensatory eye growth was still always in the right direction. The most likely cues for emmetropization, spatial frequency content and image contrast, do therefore not correlate with the elongation of the eye. Rather, the sign of defocus was extracted even from very poor images.
Introduction
During postnatal development, the length of the vertebrate eye is matched to its focal length. The match of image plane and retina is locally achieved for each position in the back of the eye (Diether & Schaeffel, 1997) . Neither the brain (Troilo, Gottlieb & Wallman, 1987; Wildsoet & Wallman, 1995) nor cues derived from accommodation (Schaeffel, Troilo, Wallman & Howland, 1990) are necessary for it. Therefore, an image processor must operate at the level of the retina and directly control the growth of the underlying sclera. It is important to identify the processed image features since this would shed light on the causes of refractive errors. Unfortunately, it is not known which image features are important. A review of the principles of autofocus systems in cameras by Naumann and Schroeder (1992) shows that only a few of them could potentially be useful for the growing eye. If active autofocus systems (which use a radiation source) are excluded and systems in which distance information is derived from rays outside the imaging lens, only three procedures require consideration:
(1) Procedures related to Scheiner's principle where the lateral displacement of rays or images due to defocus is compensated. However, they require multiple apertures, beam splitting devices or severe asymmetric wavefront aberrations which are usually not present in the optics of the eye.
(2) Procedures during which the rotational asymmetry of light spots from astigmatic defocus is minimized. However, it has been shown experimentally (McLean & Wallman, 1997 ) that the growing eye compensates spherical refractive errors even in the presence of severe astigmatism. Furthermore, at least in technical applications, this procedure requires a radiating light source.
(3) Procedures in which the plane of focus is determined by maximizing spatial frequency content and/or image contrast.
Procedures (1) and (2) are obviously not applicable. Procedure (3), however, may be useful since experi-ments have shown that frosted eye occluders, which restrict the spatial frequency content and reduce image contrast, accelerate axial eye growth dramatically ('deprivation myopia') (Wallman, Turkel & Trachtman, 1978) . Furthermore, the more frosted the occluders are, the more myopia develops (Bartmann & Schaeffel, 1994) indicating that the system can quantify these features over time. As used in technical applications, analyses of spatial frequency content or of image contrast can provide information on the plane of focus, given that the measurements are made in se6eral planes in image or object space (Naumann & Schroeder, 1992) . Therefore, procedure (3) should not work if only one viewing distance is available and accommodation is eliminated. We have experimentally tested this assumption, using the chicken eye as a model.
Material and methods

Animals and experimental protocol
To restrict visual experience to one single viewing distance, chicks were individually kept in the center of a drum of 66 cm diameter (Fig. 1A ) for 3 h a day, over a period of 5 days (7-12 days old). For the remaining time, they were kept in the dark in their cages without occluders or lenses. In the drum, the head movements of the chicken were restricted to90.5 cm, resulting in a fixed viewing distance to its walls of 3.009 0.04 D. The walls were covered with photographs of chickens which provided attractive viewing targets. Average illuminance was 550 lux. All experiments were done with either accommodation intact or eliminated by eye drops containing vecuronium bromide (Schwahn & Schaeffel, 1994) . Successful paralysis was checked during the experiments in the drum by continuous recordings of refractive state. The chickens were made either highly myopic with positive spectacle lenses or very hyperopic with negative spectacle lenses. They wore the lenses over one eye only, the lenses moved the plane of focus either 12.0 D in front of the wall of the drum (+ 15.5 D lenses; n=6 chicks) or 11.5 D behind it (− 8.5 D lenses; n= 6 chicks). Since the photoretinoscopic resting refraction of the chicks with paralyzed accommodation was close to emmetropia (+2.2 91.3 D) at the beginning of the experiment, the two lenses produced a similar amount of defocus but of different sign. Two other groups of six chicks were tested in the drum with weaker lenses and without cycloplegia (lens powers + 6.9 and −2 D, respectively). In addition, six chicks were tested with monocular frosted eye occluders. Refractive development of both the covered and uncovered fellow eyes were recorded in all cases.
Measurement of refracti6e state and ocular dimensions
Refractive state was sampled every 2 days by automated infrared photoretinoscopy (Ott & Schaeffel, 1995) although only end-point refractions are shown. The small eye artifact (Glickstein & Millodot, 1970) was not corrected. Ocular dimensions were measured by A-scan ultrasonography (Schaeffel & Howland, 1991) . Significance levels (*P B 0.05, **P B 0.01) were determined by paired t-tests.
Spatial frequency analysis and quantification of contrast of the chicks retinal images
Pictures were taken with a CCD video camera from a distance of 33 cm of the viewing targets of the chicks, with the focus set to infinity. A focus at infinity was chosen rather than the measured refraction of + 2.29 1.3 D because it is not safe to assume that the chicks were indeed hyperopic. The contribution of the small eye artifact (Glickstein & Millodot, 1970) is not known and electroretinographic refraction in chicks have provided a value of − 0.18 D rather than hyperopia (Fitzke, Hayes, Hodos & Holden, 1985) . Lenses or occluders were placed in front of the camera lens. A 16 mm lens was used here because the angular resolution of the CCD chip (a visual angle of 32°mapped on 512 pixels) was then comparable to the chick eye (about 8 c deg − 1 at 8 days old) (Schmid & Wildsoet, 1998) . The discrete fourier analysis and the histogram plotting was done with NIH image 1.61-fat which is available on the internet (http://rsb.info.nih.gov/nih-image/), using 512× 512 pixel images. To quantify image contrast, the number of pixels at each pixel brightness level was plotted.
Results
The images on the retinae of the chickens are illustrated in black and white together with the induced changes in refraction and eye length in Fig. 1(B) . Fellow eyes without covers ('1') became all slightly more myopic over the 5 day period with no differences if accommodation was paralyzed (C) or intact (A). The frosted occluders ('2') caused 'deprivation myopia' and longer eyes (refractions/axial lengths at the fifth day of treatment: fellow eyes: + 4.559 1.39 D/8.44 9 0.05 mm, occluded eyes: + 2.6392.58 D/8.51 9 0.05 mm, PB 0.01/P B 0.05). Strikingly, despite of the constantly severely defocused retinal images with lenses ('3' and '4'), the eyes appeared to recognize the sign of defocus in that they developed refractive errors in the direction to compensate for them (positive lenses under cycloplegia: fellow eyes: + 3.159 1.37 D/8.8 9 0.07 mm, defo- Fig. 1 . (A) Chicks were placed in the center of a drum of 33 cm radius the walls of which were covered with chicken photographs to provide attractive viewing targets (illustration not to scale). One eye in each animal was covered with either a frosted occluder ('2'), a − 8.5 D lens ('3'), or a + 15.5 D lens ('4'). The same occluder or lens was used for all animals. (B) The appearance of the retinal images in the cylopleged eyes is shown with the resultant changes in refraction. ('1') Fellow eyes were initially about 3 D hyperopic relative to the pictures on the wall. In all experimental groups ('2' -'4'), they developed myopia to compensate for the relative hyperopia, no matter whether they were cyclopleged (C) or not (A). ('2') Eyes covered with the frosted occluder became more myopic and longer than the respective fellow eyes, whose absolute refractions are shown in ('1'). ('3') Myopia also developed with severe defocus due to the − 8.5 D lens. ('4') Despite the very poor image quality with the + 15.5 D lens, the eyes developed hyperopia relative to their fellow eyes. (C) A spatial frequency analysis (left graph) of the pictures in Fig. 1(B) shows that the uncovered eyes were exposed to the richest spatial frequency range. The range was reduced but similar for the frosted occluder and the negative lens and clearly much more reduced with the positive lens with the cut-off already at about 1 c deg − 1 . The quantification of image contrast (right graph) shows that the largest range is present in ('1'), narrower ranges in ('3') and ('4') and the most compressed range in ('2'). Data presented in Fig. 1(C) also corresponds to the subjective impression during inspection of the pictures in Fig. 1(B) . cused eyes: + 5.489 1.8 D/8.7 90.07 mm, P B0.01/ P B0.05; negative lenses under cycloplegia: fellow eyes: + 2.5991.71 D/8.41 90.06 mm, defocused eyes: + 1.29 90.65 D/8.49 90.04 mm, P B0.05/P B 0.05). All changes were induced both without and with accommodation. In the drum, the compensation of the imposed defocus was incomplete, probably because the exposure times were too short since the eyes were open only about 50% of the 3 h period per day. Weaker positive lenses yielded much better compensation (for + 3.6 D imposed defocus: difference in refraction between defocused and fellow eyes: +4.37 9 1.02 D, P B 0.0001). Weaker negative lenses were not better compensated because they require even longer exposure times (Schmid & Wildsoet, 1996) (for −5.3 D imposed defocus: − 1.069 0.5, PB 0.004). That weaker positive lenses yielded better compensation than stronger ones was significant (refractions P B 0.03, axial length P B 0.02). A possible explanation is that more severe myopic defocus was also interpreted as deprivation.
A discrete fourier analysis of the images ('1') -('4') ( Fig. 1C, left) shows that image ('1') has the highest spatial frequency content. The reduction of power of the higher spatial frequencies is similar in ('2') and ('3'), which both cause myopia, but is most severe in image ('4'). Since the absolute amount of defocus is similar in ('3') and ('4'), one would expect a similar spatial frequency distribution in both cases. However, it is apparent from Fig. 1(B) that the image magnification was different in the two cases, resulting in higher fourier components in ('3').
The results exclude that the spatial frequency content per se determines which refractive error develops. Is image contrast the important parameter? Image contrast is illustrated by a plot showing the range of pixel brightness values (Fig. 1C, right) . It is clear that the defocused images ('3') and ('4') have more contrast than image ('2'). Obviously, image contrast does not always correlate with myopia.
Discussion
It is striking that the retinal autofocus mechanism of the eye works so reliably even with very poor images. What are the features in the images that determine whether myopia or hyperopia develops? Cues from color fringes due to chromatic aberration are not of fundamental importance, since experiments have shown that the eye grows to compensate for imposed defocus also in quasi-monochromatic light at various wavelengths (Rohrer, Schaeffel & Zrenner, 1992) . Also cues derived from monochromatic aberration of the eye disappear with small pupil sizes. Yet, the autofocus of the growing eye operates over a large range of pupil sizes. Therefore, the importance of monochromatic aberrations is not clear. The fact that fluctuations in focus due to diurnal growth rhythms (Weiss & Schaeffel, 1993; Devadas & Morgan, 1996; Nickla, Wildsoet & Wallman, 1998; Papastergiou, Schmid, Riva, Mendel, Stone & Laties, 1998) are used to find the image plane seems unlikely to us with only 3 h of time for comparisons. The maximal total dioptric amplitude of diurnal focus fluctuations is in the range of 2 D (Nickla et al., 1998) . Thus over a 3 h period, the changes are likely to be less than 0.5 D. Image magnification was experimentally ruled out as a factor (Sivak, Curry, Callender & Irving, 1995) . In a recent paper Kruger, Mathews, Katz, Aggarwala and Nowbotsing, 1997 showed, that accommodation works even with severely reduced cues (monocular, monochromatic or with reversal of chromatic aberration, without feedback and with only one spatial frequency). They suggest that directional signals are used. This is similar to our present finding. However, their result does not prove that the underlying processing occurs in the retina. In relation to eye growth, at present, it is only clear that none of the tested features determine alone in which direction the eye grows. Either several of them may be analyzed in combination, similar to the performance of the brain to guide accommodation (Kruger & Pola, 1986) , or there are other, as yet unknown, cues involved. It is impressive that the retina seems to be able to perform the required processing.
All fellow eyes became more myopic during the treatment period of 5 days ('1' in Fig. 1B ). Since the pictures on the wall served as the only reference plane for emmetropization, myopia development must be expected to compensate for the 3.3 D viewing distance. The condition is different for chicks raised in cages (as commonly performed in myopia research) because these chicks can focus beyond the cage grid and have larger viewing ranges. Moreover, myopia has never been observed under these rearing conditions. The fact that myopia development in the present study was the result of the partial dark rearing protocol rather than of the viewing distance can be excluded because in a previous study the chicks did not develop myopia under a 3/21 light/dark protocol (Schwahn & Schaeffel, 1994) .
What can be learned about refractive errors? A reduction of spatial frequencies and image contrast does not necessarily cause 'deprivation myopia' but can be present even during development of hyperopia. Assuming a similar behaviour in the primate eye (Smith, 1998) , our results relieve concerns that undercorrection of myopia must necessarily cause 'deprivation myopia'. Rather, they suggest that slight undercorrection may have beneficial effects on myopia since it is equivalent to the presence of a positive lens. On the other hand, insufficient accommodation over extended periods of time, which has been shown to occur in myopic children (Gwiazda, Thorn, Bauer & Held, 1993) , could accelerate myopia development because it has a similar effect to a negative lens.
